A stop-flow kinetic study was performed on the carbon dioxide hydration activity of the human carbonic anhydrase B isoenzyme carboxymethylated at its histidine20O, and of the human C isoenzyme carboxyketoethylated at its histidinen. The Michaelis-Menten parameters determined between pH 5.6 and 8.7 showed striking differences between the native and the alkylated enzymes, as well as between the modified enzymes themselves. The alkylations caused: (i) a decrease in the kmat values, particularly marked for the carboxymethylated B isoenzyme,
Work in several laboratories has shown that the human carbonic anhydrase (EC 4.2.1.1) isoenzymes B ("low activity") and C ("high activity") can be covalently modified by activesite reagents to produce derivatives having diminished catalytic activity (1) (2) (3) . The study of this residual activity should lead to useful insight into the mechanism of action of these extremely efficient enzymes, since the sites of chemical modification may be identified in the sequence and in the threedimensional structure of the isoenzymes. (For an excellent review on all these aspects of carbonic anhydrase, see ref. 4.) We report here stop-flow kinetic studies on the CO2 hydration activity of derivatives of the human B and C isoenzymes prepared by alkylation of nonidentical histidine side-chains at their active sites. The B isoenzyme derivative studied is one prepared by carboxymethylation of a histidine at position 200 in the recent amino-acid sequence (5), the same histidine previously assigned (2, 4) to position 204. The C isoenzyme, which is probably homologous to the B form (4) (5) (6) , has a leucine replacement at the corresponding position 198 in its sequence (4, 5) . However, Gothe and Nyman (7) have been able to alkylate a histidine close to position 63 in the C isoenzyme * This is paper No. II in the series, "The Carbon Dioxide Hydration Activity of Carbonic Anhydrase". Paper I in this series is ref. 13. using bromopyruvate, and we have also carried out kinetic studies on this derivative. The recent x-ray studies of the Uppsala group on the C isoenzyme have shown that histidine 63 is indeed located in the active site of the C isoenzyme several angstroms away from the essential zinc atom (4) . They have also shown that leucine 198, which is homologous to the reactive histidine 200 in the B isoenzyme, also occurs in the active site close to the zinc. Moreover, they have found evidence for the existence of a hydrogen-bonded network of water molecules in the active site that culminates in the water attached to the zinc atom. Histidines 63 and 128 have been found to be within hydrogenbonding distance to water molecules in this ordered solvent network. The zinc-bound water appears to be essential in the catalytic mechanism, and its ionization is believed to be responsible for the pH dependence of the catalysis (4, 8) . It is thus expected that modification of histidine 63 in the C isoenzyme, and possibly of histidine 200 in the B form, would result in alterations in the water structure at the active site and would be manifested by alterations in the MichaelisMenten parameters.
MATERIALS AND METHODS Enzymes
Native Isoenzymes. The B and C isoenzymes were prepared from human erythrocytes by DEAE-Sephadex chromatography (9) . The B isoenzyme was further freed from contaminating traces of the A isoenzyme by ion-exchange chromatography on Bio-Rex 70 equilibrated with 38.5 mM phosphate buffer of pH 6.1 (2, 10) . This step is necessary, since the native A isoenzyme emerges at the same position as the carboxymethylated B isoenzyme during the purification of the latter. By the Wilbur-Anderson assay (11) , the specific activities of the native B and C isoenzymes were approximately 14,000 and 40,000 units/,ug, respectively.
3'-(Carboxymethyl)-Histidine200 Carbonic Anhydrase B. This derivative was prepared by alkylation of the human B isoenzyme with either iodoacetate (2) or bromoacetate (1) , and the unmodified enzyme was removed by chromatography on Bio-Rex 70 (2). Bradbury (12) 3'-(2-Carboxy-2-Ketoethyl)-Histidinew3 Carbonic Anhydrase C. Gothe and Nyman (7) have found that bromopyruvate specifically alkylates a single histidine residue in the active site of human carbonic anhydrase C to give a derivative with high residual activity (30%). We have followed their procedure in preparing this derivative and have carried out the alkylation to near completion (10 half-lives). Due to the high residual activity of this derivative, it was not found necessary to remove the small fraction of unmodified enzyme remaining at the end of alkylation. It is interesting to note that the reduction of this derivative, and of a similar B isoenzyme derivative, with borohydride does not indicate Schiff-base formation involving the keto group and amino groups on the enzyme. Instead, a 2-carboxy-2-hydroxyethyl histidmie function is produced (unpublished results).
Kinetic method
We used a Durrum-Gibson stop-flow spectrophotometer to study the kinetics of the CO2 hydration reaction catalyzed by the above derivatives. Michaelis-Menten parameters were obtained over a pH range of 5.6-8.8. The basis for the kinetic observations is the spectrophotometric measurement of the extent and rate of proton release that accompanies the hydration of C02, the determinations being made in suitable bufferindicator systems (13) . The method is subject to many inherent limitations and difficulties that have to be taken into account, as have been discussed at length. We used the same buffers and indicators as in the earlier study (13) , and varied their concentration to establish that they did not inhibit the modified enzymes. We prepared substrate solutions by bubbling either pure CO2 or analyzed mixtures of CO2 and N2 through thermostated water flasks. All our measurements were at 250C and in solutions of 0.2 ionic strength, in which SO4 was the only anion in the buffer.
RESULTS
The pH dependence of the Michaelis-Menten parameters for the CO2 hydration activity of the two alkylated isoenzymes is shown in Figs. 1-3. To facilitate comparison with the native enzymes, the data for the latter are indicated by dashed curves and are taken from the earlier study (13) . Fig. 1 shows the pH dependence of the Km values, plotted here as pKm. The behavior of the modified isoenzymes is strikingly different from that of the native isoenzymes. Whereas Km for the latter is pH independent, it shows sigmoidal behavior of the plots for both modified derivatives. However, the two derivatives show The pH dependence of kcat, i.e., Vmax/Eo, for the carboxymethyl B isoenzyme is shown in Fig. 2 . The behavior of this derivative is quite different from that of the unmodified B isoenzyme. The near maximal value of kcat at high pH is abou 8 X 103 sec-', which is 30-fold lower than that of the B isoenzyme at pH 8.8 . However, a more interesting difference occurs in the pH dependence of kcat. Its pH variation can be roughly characterized as having an apparent pK value of 7.6 or greater in the native B isoenzyme (13) , whereas in the modified isoenzyme the apparent pK is about 6.5, although it cannot be accurately estimated.
The modification of the C isoenzyme also produces appreciable effects on kcat and its pH dependence (Fig. 3) , although the differences are a little less striking than for the B isoenzyme. Around pH 8.8, kcat for the carboxyketoethyl C isoenzyme is about 3 X 105 sec-', which is only 4-or 5-fold less than that for the native C isoenzyme. The apparent pK for the pH dependence of kcat shifts from about 7.0 for the native C isoenzyme (13) The Km expression for Scheme I (see Table 1 ) can be shown to have the form, Km = (constants) (1 + H+/K2) (2) (1 + H +/K1) where K, and K2 are pH-independent composite terms, K, being that defined by Eq. 1 above. The pH-independent Km values of the native carbonic anhydrases are quite compatible with Scheme I, since Eq. 2 predicts a pH-independent Km under the condition that K, = K2. The ratio of these two apparent ionization constants can be shown to be,
A pH-independent Km value would thus result if the second term on the right-hand side of Eq. 3 were much less than unity, as, for example, in the case that k3 = k-1. Under conditions where the second term is not negligible compared to unity, Km will be pH dependent. The form of Eq.
2 indicates that this would be a sigmoidal dependence of pKm on pH, as observed experimentally for the modified isoenzymes ( Fig. 1) . This dependence will be either an increase or a decrease of pKm with increasing pH, depending on which of the two apparent ionization constants K, and K2 is the greater. Inspection of Eq. 3 reveals that this depends solely on the relative magnitude of the dissociation rate constants k3 and k-1. If k3 <kI-, then pK2> pK, and pKm will increase with increasing pH, as observed for the carboxymethyl B isoenzyme. On the other hand, if k3 > k-1, pKm would decrease with increasing pH, as observed for the carboxyketoethyl C isoenzyme1I. It is important to note that only two apparent ionization constants (K1 and K2) are involved in the pH variation of Km and kent for a given enzyme according to this mechanism, so that the apparent pK of the kcat curve must correspond to one of the two apparent pK values that determine the PKm curve. The observations on the modified isoenzymes are compatible, within the experimental uncertainties, with this expectation. The mechanism of Scheme I can now be used to rationalize the above noted difference between the pK of the metal waterligand and the apparent pK of the kcat curve for CO2 hydration in the case of the carboxymethyl B isoenzyme. From Eq. 1, it is seen that Sclieme I only requires that the apparent pK of the kcat curve be less than or equal to the microscopic pK of the group controlling the activity (pKa). The observation that for this isoenzyme pKapp is close to 6.5 (Fig. 2) , while pKa is close to 9 (14, 17) , is thus quite consistent with the mechanism. No data are presently available for the carboxyketoethyl C isoenzyme water-ligand ionization to make such a comparison, but one would predict from the above treatment that pKa should be about 7.9 or greater. For the native enzymes, it appears that pKapp is nearly equal to pKa (4, 8) .
In concluding this discussion on the kinetic mechanism, it may be noted that establishing its validity, although difficult, could lead to much useful information on carbonic anhydrase. For example, "predictions" can be made about the CO2 affinities of all the various forms of the enzyme from this type of mechanism. This follows, because the Km expression of Table  1 can always be written as the sum of two terms, one of which is pH dependent and goes to zero in the low pH limit as kIcat diminishes,
The low pH limit of Km is thus k-1/k,, which is the CO2 dissociation constant. On this basis, the observed kinetics ( Fig.  1) can be interpreted to suggest that carboxymethylation of histidine2O0 of the human B isoenzyme should cause a decrease in its affinity for C02, while carboxyketoethylation of histidine63 of the human C isoenzyme should increase its affinity for CO2. Independent and reliable equilibrium measurements of the affinities of these enzymes for the substrate, C02, would be of great interest in this respect. Some implications of the observed kinetics
The kinetics of the CO2 hydration activity of the modified carbonic anhydrases are thus seen to be quite compatible with the view that the zinc-bound water is the essential group controlling the catalytic activity. The difference in the pH-rate profiles of the esterase and CO2 hydration activities of the carboxymethyl B isoenzyme can be tentatively attributed to significant differences in the relative magnitudes of the corresponding rate constants, or, alternatively, to the presence of a different mechanism for the esterase activity. Both activities, however, could be controlled by the ionization of the water ligand of the metal. The equations derivable from Scheme I impose definite restrictions on the pH dependence of the kinetic parameters of the dehydration reaction. Hence, further data for this reaction should provide more tests of the validity of this type of scheme.
11 It can be shown that a decrease in pKm with increasing pH would not have been predicted if in Scheme I the enzyme-product complex (EH+.P-) had been omitted, since in that case the ratio K2/K, will always exceed unity.
It is, of course, of great interest to also find out the precise structural alterations in the active sites after modification, especially of the ordered water structure. It would seem that these alterations must exert subtle and complex effects on the catalytic steps, since the pH-dependent variations produced by the alkylations are of opposite sense in the two isoenzymes. It is thus clear that the kinetic effects cannot be interpreted as simply being due to an increase in the pK of the zinc-bound water resulting from the introduction of a negative charge into the active site. Many of the individual rate constants must also be affected.
The appreciable catalytic activity of the two derivatives studied here raises serious questions as to how essential are these modifiable histidines to the catalysis by the native isoenzymes. Arguments have been given that histidines must participate in the mechanism of action of carbonic anhydrase (18, 19) in order to account for rate enhancements of up to eight orders of magnitude (19, 20) . The present results, along with others (1, 2, 21), are not compatible with such critical catalytic roles for these particular histidines. However, other histidines probably occur in the active sites of these isoenzymes. For example, sulfonamide alkylating reagents have been found (22) to react with the human B isoenzyme by modifying a histidine different from histidine2OO (5), the product apparently having no residual activity. The possible continued inhibition bv the sulfonamide moiety of these reagents after chemical modification may cause the lack of residual activity, so that it is difficult to assess the participation of this histidine in the catalytic mechanism.
In conclusion, it should be emphasized that the above considerations do not rule out the participation of any of the modifiable histidines of carbonic anhydrase in a "nonessential" or "modifying" role in the catalysis. In fact, the possibility exists that their presence or absence in the active sites may account for part or much of the specific activity differences that exist between the high-and low-activity isoenzymes from the human or from other mammalian species.
